The Plasma Line Revisited as an Aeronomical Diagnostic: Suprathermal electrons, solar EUV, electron‐gas thermal balance by Carlson, H C et al.
VOL. 4, NO. 12 GEOPHYSICAL RESEARCH LETTERS DECEMBER 1977 
THE PLASMA LINE REVISITED AS AN AERONOMICAL DIAGNOSTIC' SUPRATHERMAL 
ELECTRONS, SOLAR EUV, ELECTRON-GAS THERMAL BALANCE 
Herbert C. Carlson, Jr.* 
The University of Texas at Dallas, Box 688, Richardson, TX 75080 
Vincent B. Wickwar 
SRI International, Menlo Park, CA 94025 
George P. Mantas 
The University of Texas at Dallas, Box 688, Richardson, TX 75080 
Abstract. Spectra of plasma wave intensities (kTp) in the iono- 
sphere over Arecibo are calculated and compared with those from 
observations of the plasma line intensity. This approach involving direct- 
ly observed quantities avoids the uncertainties that have plagued past 
comparisons with photoelectron theory. In addition, careful compari- 
sons in physically relevant segments of the spectra show that any sig- 
nificant increase in the magnitude of the solar EUV flux would lead to 
a contradiction of the observed plasma wave intensities. Further, the 
comparisons indicate that resolution of the thermal electron-gas heat 
balance problem must be sought through better heat transfer rates 
(e.g., heating and cooling rates, etc.), rather than in the solar EUV. 
This approach utilizes more fully the potential of the plasma line ex- 
periment as a diagnostic tool for aeronomical studies, (e.g., photo- 
electrons, auroral secondaries, ionosphere-modification experiments, 
etc.). 
Introduction 
The incoherent scatter spectrum arising from the scatter of radio 
waves in the ionosphere has two major components. The ion compo- 
nent has been used extensively for aeronomical research (Evans, 1969). 
The much weaker electron, or plasma line component, has been used 
much less extensively. Nevertheless, this component has the potential 
to provide information about several important aeronomical parameters. 
Whether this potential is realized depends upon the recognition of the 
capabilities and limitations of the plasma line experiment and the proper 
analysis and interpretation ofplasma line data. 
From observations of the plasma line component of the incoherent 
scatter spectra, we obtain information about the energy stored in longi- 
tudinal electrostatic plasma waves, with frequencies near the (local) 
plasma frequency. Such waves always are present in the plasma, at what 
is known as the "thermal level," because of the self-interaction of the 
thermal electrons. When suprathermal electrons are present in the 
plasma these waves are substantially enhanced by wave-particle inter- 
actions (Perkins and Salpeter, 1965; Yngvesson and Perkins, 1968- 
henceforth YP). The enhancement of the plasma llne signal, therefore, 
depends upon the number density and the spectral characteristics of the 
population of nonthermal electrons in the plasma. 
In previous aeronomical studies (Cicerone, 1974, and references 
cited), plasma line experiments have been used to deduce the number 
density and spectral characteristics of the photoelectron population 
in the ionosphere. However, that approach introduces uncertainties of 
as yet unknown magnitude (YP; Wickwar, 1971; C?cerone, 1974); to 
obtain photoelectron spectra from observations of plasma line intensity, 
one must make assumptions about the photoelectron pitch angle dis- 
tribution and the altitude dependence of the photoelectron spectrum. 
The limitations introduced by these assumptions have restricted the utili- 
zation of plasma line experiments in aeronomical studies. 
In the present letter we demonstrate an approach (Mantas et al., 
1975) that bypasses these uncertainties, and provides a true comparison 
between theoretically predicted and observed plasma wave intensities. 
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By combining ionospheric photoelectron theory (Mantas 1975;Mantas 
et al., 1977-henceforth MCW) with the linearized theory of plasma 
fluctuations (Perkins and Salpeter, 1965; YP), we have calculated the 
composite spectrum of plasma wave intensities (kTp) in the ionosphere. 
Portions of this spectrum are accessible' to plasma line observations. 
Therefore, comparisons f calculated and observed kTp values can pro- 
vide unambiguous information about certain aspects of the photo- 
electron spectrum in the ionosphere and the state of the theory of iono- 
spheric photoelectrons. 
The kTp Composite Spectrum in the Ionosphere 
The plasma line portion of the incoherent scatter spectrum from a 
given altitude is the radar echo from longitudinal electrostatic waves wi,th 
frequency v r very close to the local plasma frequency. The radar is 
sensitive to only those waves that propagate parallel to the radar wave 
vector •' with phase v locity v½ =, « Vr xor phase energy E½ = • meV • 
where 3, is the radar wavelength and m e is the electron mass. (Waves 
with different E½ occur at different altitudes because X is fixed,) 
The intensity of the plasma line signal is proportional to'the energy 
in these waves (YP). This energy is controlled by those electrons which 
spend a sufficient ime near the same phase region of a plasma wave train 
that they can exchange nergy with the wave. Thus the plasma wave i n - 
tensity depends on the electron velocity distribution function. YP 
have xpressed the energy inthe waves in terms of an apparent plasma 
temperature Tp(E½) or intensity kTp(Eq•) given by 
fm(E½) + fp(E½) + X 
kTp(E½) = kT e dfp (E½) (1) 
fm(E½)- kTedec + X 
where fp is the one-dimensional velocity distribution f the photo- 
electrons along K; fm is a modified one-dimensional ve ocity distri.bution 
of the ambient electrons (including the effects of enhanced Landau 
damping in a magnetic f eld •); and X provides forexcitation a d damp- 
ing of plasma waves by the collective effects of electron-ion collisions. 
T e is the thermal electron-gas temperature and k is Boltzman,n's 
constant. The quantities fm and X can be calculated readily from the 
, . _->. 
observed values of T and the electron concentration N•, from B, from 
the angle ? between •-> and K, and from 3,. Therefore, kTp in the iono- 
sphere can be calculated once fp is known. 
The photoelectron population with velocity components within 
Ave of v½ includes contributions from photoelectrons with velocities 
v>_v½, moving in various directions with respect to •. Therefore, to 
calculate fp we need to know the steady state three-dimensional velocity 
distribution or, equivalently, the energy and angular spectrum F(E,O,%z) 
of the photoelectron population at each altitude. 
To calculate F(E,O,%z) we have appliecl the theoretical formulation 
presented by Mantas (1975) and MCW to the specific onditions in the 
ionosphere and the thermosphere that prevailed over Arecibo d, uring the 
period of the plasma line observations. The neutral atmosphere and 
ionosphere' the cross sections for photoabsorption, photoiOnization, 
electron-impact excitation and ionization; and the solar EUV flux 
(Hinteregger, 1970) are the same as in MCW. 
An important feature of the F(E,O,%z) calculations is that the 
upper b6undary condition is self-consistent. The calculations include 
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Comparison of the Terms in Eq. (]) that Determine the 
?]asma Wave Temperature Spectrum. The dots are the 
calculated values for the data at 8.8 At]antic Standard 
Time (AST) on December 18, 1971. The lines are fitted 
through the points. 
contributions by photoelectrons originating in the conjugate ionosphere 
and allow for multiple traversals of the plasmasphere by locally produced 
and conjugate photoelectrons. The details of these calculations, and 
certain important implications regarding the amplitude of the photo- 
electron flux and angular distribution at plasmaspheric heights, are given 
in MCW. 
The present calculations f kTp (using Eq. 1) employ Ne and T e 
profiles measured with the incoherent scatter radar during the plasma 
line observations. I  addition we have calculated kTp using the observed 
N e profiles and T e profiles obtained from a self-consistent he,at balance 
calculation. The electron-ion and electron-neutral elastic cooling rates 
are given by Mantas (1974) and the electron-neutral inelastic cooling 
rates are given by Banks and Kockarts (1973) except for the atomic 
oxygen fine structure cooling rate which we recalculated using the 
$araph (1973) cross ection. The calculated T e profiles are substantially 
lower than those observed. This is the well-known problem with 
modeling the heat balance of the ionospheric electron gas (e.g., Swartz 
and Nisbet, 1973). The difference in the observed and calculated T e 
profiles i  also reflected in the calculated kTp's. The difference between 
these values will permit certain conclusions to be drawn later about the 
sources of the discrepancy in the T e profiles. 
The observations included here consist of two independent sets of 
measurements of the intensities of plasma lines downshifted in frequency 
(corresponding to plasma waves moving upward) made on December 18, 
1971, at Arecibo. In the first set, the angle •, was 30ø; in the second 
50 ø . In the first set the plasma lines were measured ataltitudes between 
295 and 470km; in the second between 338 and 542km. These were 
among the last measurements made with the "old" line feed at Arecibo. 
The experimental procedure was that of YP as modified by Wickwar 
(1971). The antenna calibration was that of YP except that the noise 
source was injected between the antenna and the TR switch. The alti- 
tude resolution was approximately 5km. Each data point represents 
the mean of approximately 6 to 9 1 O-minute observations. 
In going from the first to the second set of observations, two signi- 
ficant changes occurred in the experimental and physical conditions: 
(a) the angle •, increased such that a different mixture of the upgoing and 
downgoing photoelectron populations was sampled, and fm dominated 
kTp to greater nergies' and (b) N e increased at all altitudes such that 
the plasma line signals at a given phase energy originated from altitudes 
which were increased by one to two neutral scale heights. This permitted 
the investigation of a different altitude region, where the relative signi- 
ficance of the various processes (e.g., production of primary photo- 
electrons, energy degradation, transport, contribution by conjugate 
photoelectrons, etc.) that determine F(E,O,½,z) is substantially different 
from the first case. 
The variation f kTp results from the change in the relative impor- 
tance of the different excitation and damping processes with E½. The 
excitation and damping terms from Eq. 1 are shown in Fig. 1 for the ob- 
servations i  the first data set. The resultant calculated kTp's are given 
by the solid curve in the top part of Fig. 2. At the lowest E½ in Fig. 1 
the term representing the ambient electrons fm dominates both the 
excitation ( umerator) and damping (denominator) such that kTp 
approaches thethermal level. As E½ increases, the photoelectron term 
fp dominates the excitation a d kTp increases sharply. At somewhat 
greater E½ the Landau damping byphotoelectrons -kTe(dfp/dE½)domi- 
nates the damping (for sufficiently large photoelectron fluxes) and kTp 
approaches a maximum value given by the logarithmic derivative of fp, 
i.e.,-fp/(dfp/dE½). At sufficiently large Eq0 the electron-ion c llision 
term X dominates both the excitation a d damping and kTp returns to 
the thermal level. This description applies toall kTp curves with the 
modification that the region of E½ where each of the processes 
dominates i dependent upon X,% T e and F(E,O,•,z). 
Comparison of kTp's and Discussion 
There are several significant results to be obtained by comparing 
the observed and calculated kTp curves (Fig. 2). The data points are 
determined from the received power by using Eq. (17) of YP. They are 
shown with statistical error bars. The solid and dashed curves represent 
the calculated kT_ values when the observed and calculated T eprofiles 
are used, respectively. 
ß The overall agreement between the calculated solid curves and the 
observed kTp values i satisfactory. (The corresponding calculated 
upward photoelectron fluxes through a unit hemisphere in the 
energy range 6-12 eV, near 400km, are relatively flat, with values 
about 4.5 and 3.0 x ]0?cm -2 eV-•s -• at 8.8 and 10.5 AST, res- 
pectively.) 
ß What can be learned from such comparisons depends upon what 
processes dominate the selected E½ region of the kTp curves. We 
mentioned previously that in the "initial rise" region, somewhat 
below 10 eV, kTp is determined primarily b  the ratio of the rates 
of plasma wave excitation by photoelectrons to the Landau damping 
rate by the bulk thermal electron gas. An upward scaling of the 
photoelectron flux (holding T e constant) results in a proportional 
increase of kTp (in this region only), while a weak increase in T e 
produces a nonlinearly greater decrease in kTp because of Landau 
damping. These kTp values lend themselves to two separate g ophy- 
sical applications of special interest: 
(1) The calculated kTp's using the observed Te's (solid curve in 
Fig. 2) agree relatively well with the observed kTp's for the 
data gathered near 10.5 AST. The greater difference for the 
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Comparison of Theoretical and Observed kTp's at Arecibo 
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data gathered near 8.8 AST borders on the uncertainty limits of 
the calculated kTp's which, because of Landau damping, are 
nonlinearly sensitive to the uncertainties of the measured Te. 
If the solar EUV flux were increased, F(E,O,•0,z) and these cal- 
culated kTp's would increase proportionally. These illustrative 
data thus are consistent with and would contradict any signi- 
ficant increase in the Hinteregger (1970) flux. 
(2) By adding a further theoretical calculation, a second physical 
application f these data can be realized. The calculated kTp'S 
using the calculated Te's (dashed curve in Fig. 2) are sub- 
stantially greater than either of the other two curves and .the fit 
is significantly worse. 
It has been popular to argue, based on electron-gas heat balance 
calculations and on various other grounds (Roble and 
Dickenson, 1973; Swartz and Nisbet, 1973; Cicerone, et al., 
1973; Cicerone, 1974), that the Hinteregger (1970) measure- 
ments underestimate the true magnitude of the solar EUV flux 
by a factor of approximately 2. We also found that it is possible 
to match the calculated and observed Te's by arbitrarily increas- 
in• the EUV flux by a factor of 2.5. 
However, the kTp data impose an additional constraint that 
must be satisfied simultaneously. When the EUV flux is in- 
creased by the appropriate amount to match the calculated 
to the observed T½'s, it also leads to an associated increase in 
the photoelectron flux. The net effect is to increase the resul- 
tant calculated kTp's even above the dashed curve. Indeed, no 
plausible scaling factor could be found for which the calculated 
Te's led to acceptable kT•, values. Thus we are led to conclude, 
as in Mantas. et al. (1975•, that he resolution of the electron- 
gas heat balance problem here must be sought in better heating 
and/or cooling rates, conduction, or other energy sources, 
rather than in the magnitude of the solar EUV flux. This re- 
sult is in agreement with that of other researchers (Brace et 
al., 1976). 
For photoelectron fluxes as large as those typically found in the F 
region, the kTp'S at mid-range energies forthe Arecibo 3, are deter- 
mined primarily by the ratio of the rate of plasma wave excitation 
by photoelectrons to the rate of Landau damping by photoelectrons. 
Thus, for energies near and above 10 eV, kTp loses its sensitivity 
to the absolute magnitude of fp and T e and becomes dominated by 
the logarithmic derivative of fp. In more geophysical terms, the 
degree towhich the observed and calculated kTp's agree becomes 
a matter of the spectral shape of F(E,tS,•0,z) and not its magnitude. 
The observed and calculated kTp'S are in good agreement up o 
about 13 eV. We believe the departure from agreement (by a few 
tens of percent inkTp) at greater E½ is due to comparable uncertain- 
ties in the shape of F(E,tS,•0,z). The possible sources of error are 
many and difficult to isolate. One possibility is that above 15 eV 
the shape is sensitive (Abreu and Carlson, 1977)to the cross ection 
for resonance xcitation of atomic oxygen (Dalgarno and Lefeune, 
1971). (Departures f om kTp agreement in this E½ region do not 
alter the previous discussion concerning the initial rise region and the 
magnitude of the flux there.) 
The approach ere (Mantas et al., 1975) has been to calculate the 
composite kTp spectrum in the ionosphere and to compare it to 
the values deduced from the observed plasma line intensities. This 
comparison avoids the uncertainties introduced by attempting to 
extract the photoelectron fluxes from plasma line observations a  
h as been done in previous work. When YP introduced this latter 
"Conventional" approach, they mentioned associated uncertain- 
ties, reviewed in the introduction, but noted that their approach 
was adequate for their statistical uncertainties. The experimental 
error bars [and the theory for calculating F(E,O,•0,z) in the iono- 
sphere] have improved substantially since then. Accordingly, 
the concern about the uncertainties in the conventional approach 
has increased. 
Conclusion 
In summary: 
'* We view the agreement, within some tens of percent, between the 
ab initio calculated an  observed kTp as encouraging support for the 
relevant plasma line and photoelectron theory. 
ß Comparison of kTp's in physically relevant segments of the com- 
posite spectrum contradicts the supposed need for a significant 
increase in the magnitude of the solar EUV flux and indicates that 
the resolution of the well-known electron-gas heat balance problem 
must be sought through better heating and cooling rates, rather 
than in the solar EUV. 
ß Careful analysis and interpretation of plasma line data can, indeed, 
provide significant information about important aeronomical para- 
meters. 
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